Experiments in which 11-"4Clglycolate uptake is carned out in conjunction with measurements of stromal pH indicate that only glycolic acid and not the glycolate anion is crossing the pea (Pisum sativum var. Progress No. 9, Agway) chloroplast envelope. This mechanism of glycolate transport appears to be too slow to account for observed photorespiratory carbon fluxes in C3 plants.
Glycolate formation in the chloroplasts of C3 plants most probably begins with the oxygenation of ribulose bisphosphate, catalyzed by ribulose bisphosphate carboxylase (3, 14, 15) . The phosphoglycolate thus formed is then hydrolyzed to glycolate and phosphate by the chloroplast phosphoglycolate phosphatase (14, 18) . There is abundant evidence that glycolate formed in this way is the source of photorespiratory carbon (4, 14, 23) . As such, it must somehow cross the chloroplast envelope and reach the site of its further metabolism in the peroxisomes. Isolated, intact chloroplasts have been shown to synthesize and excrete glycolate in the light (2, 7, 12, 13, 20) .
Although glycolate presumably crosses the chloroplast envelope, the mechanism by which this occurs is obscure. No evidence for mediated transport has been uncovered and there are conflicting reports bearing on the permeability of the envelope to glycolic acid and its anion (5-7, 16, 20) . In swelling studies, Enser and Heber (5) found chloroplasts to be permeable to the protonated form of glycolate. Although they also observed a slow permeation by the anion, this required the driving force provided by external K+ and valinomycin. Using vesicles formed from isolated spinach chloroplast envelopes, Poincelot (16) recorded an accumulation of glycolate to 8 mm in vesicles suspended for 20 s in a medium containing 1 mm glycolate at pH 7. Given the low pKa of glycolic acid (3.83), this result would seem to indicate rapid permeation by the anion. Recently, Takabe and Akazawa (20) , reported the results of uptake studies, done at various medium pH values, on spinach chloroplasts. Despite a pH dependence of the glycolate uptake rate, they interpreted their results as indicating a significant, although possibly slower than that of the acid, permeation by the anion.
We present here the results of studies on the pH dependence of glycolate uptake and its kinetics, done in conjunction with determinations of stromal pH, in intact pea chloroplasts. These results ' Chloroplast Isolation. Centrifugation through Percoll (Sigma) (21) was used for the isolation of intact chloroplasts. Fifty g of seedlings were cut into small pieces in 125 ml of a frozen slurry of one of two isolation buffers. 'Buffer A' consisted of 330 mm sorbitol, 1 mg/mg BSA, 10 tUM MgCl2, 20 ,UM EDTA, 0.5 rnm Tricine, pH 6.5. 'Buffer B' contained 330 mm sorbitol, 1 mg/ml BSA, 1 MM MgCl2, 2 mm EDTA, 50 mm Tricine, pH 7.9. The cut shoots in isolation buffer were ground for 3 s at low speed, in a Waring Blendor equipped with a razor blade. The brei was then filtered through 20 AM nylon mesh. Twenty-seven ml ofthe fitered liquid was poured into each of four, 50-ml centrifuge tubes and underlayered with 14 ml of 40%o (v/v) Percoll (Sigma), 330 mm soribtol, 1 mg/ml BSA, 0.1 mm CaCl2, 50 mm Hepes, pH 7.5. The tubes were centrifuged 2 min at 2°C, 3,600 rpm (2200g), in an International PR-2 centrifuge with a swinging bucket head. The supernatants were removed by suction and the pellets containing the intact chloroplast resuspended by gentle swirling in 330 mm sorbitol, 0.5 mm Tris-HCl, pH 7.5, hereafter referred to as 'resuspension buffer.' Chl was determined by the method of Arnon (1) .
Intactness and Purity of the Chloroplast Preparations. Intactness was routinely measured by comparison of the light and ferricyanide-dependent 02 evolution of aliquots of the suspension which had been subjected to hypotonic shock to those maintained in an isotonic medium (8) . Intactness as determined by this method correlated well with results obtained on the same preparation by electron microscopy. The intactness of the preparations used for the experiments presented here ranged from 80% to 95%. The preparation procedure yielded chloroplasts essentially free of mitochondria, as measured by fumarase activity (17 Uptakes were followed by the silicone oil centrifugation technique (9) . Prior to addition of the chloroplasts, the 0.4-ml polypropylene microfuge tubes contained: a bottom layer of 50 ,ul of 15% (v/v) glycerol, 2% (w/v) TCA; a 100-,ul middle layer of silicone oil (General Electric Versilube F50:Dow Corning 702, 16:3, v/v); and a top layer of 225 ,ul of incubation solution. At the start of an incubation, 25 ,ul of chloroplasts in resuspension buffer were added and the top layer stirred with a thin glass rod. Unless otherwise indicated, incubations were done in the dark, at room temperature (20°C). At the end of the incubation time, the chloroplasts were separated from the suspending medium by centrifuging full speed for 15 s in a Coleman microfuge. The top two layers were removed by suction, the tubes cut at the former position of the silicone layers, and the pellet resuspended in the glycerol-TCA layer. The cut tubes were then recentrifuged before sampling of the glycerol-TCA for scintillation counting.
The short incubation times (15 s and less), used in the kinetic study at pH 5.30 made the above methods for initiating glycolate uptake impractical. For these experiments, tubes were prepared with a small hole bored in them, above the level to which the top layer would reach. In the experiment comparing glycolate uptake in the dark with that in the light, all incubations began with the addition, in the dark, of 25 pl of the chloroplast resuspension to the incubation medium in the microfuge tubes. After 1 min of incubation in the dark, the tubes were placed into a microfuge with a transparent top. Tubes which were not to be illuminated remained for 1 mi, in the dark, before the start of centrifugation. Those which were illuminated, were exposed to 6 x 105 erg cm-2 s-', white light for 1 min prior to centrifugation. All other procedures were identical to those in the uptake experiments previously described.
Determination of Stromal pH. Stromal pH was measured by the uptake of ["4C]DMO3 (9) . The DMO concentration was 36 JiM, 2 ttCi/ml in the fmal incubation solutions. Except for the absence of [1-'4C] glycolate, all other conditions and methods were the same as for the glycolate uptake studies.
Solute Spaces and Medium Trapping. The internal volume of the chloroplast was determined by subtraction of the D-[U-14C] sorbitol space from the 3H20 space (9) . This was found to average 38 1d per mg of Chl in intact chloroplasts. Use of this figure automatically adjusted for the intactness of a particular preparation in stromal pH or glycolate uptake calculation. D-[U-14C] Sorbitol activity was 1.0 ,ICi/ml and that of 3H20 was 3.6 ,uCi/ml. (Table IB) show somewhat higher uptakes than those in Table IA and again a strong dependence of uptake on medium pH. Such pH effects on uptake might be accounted for by assuming that only the protonated form of the acid can penetrate the chloroplast envelope and come to equilibrium between stroma and medium. The results of these calculations are also given in Table IB and show a pH dependence similar to that of the observed uptakes. A similar pH dependence for glycolate uptake was observed with intact spinach chloroplasts (data not shown).
The differences in glycolate uptake by chloroplasts isolated in buffers A and B (Table I) probably stemmed from differences in their stromal pH. Aside from being more highly buffered and basic, buffer B contained 1 mim MgCl2, compared to 10 juM in buffer A. Buffer B is also 18 mm in K+, (50 nm Tricine titrated to pH 7.9 with KOH). Thus, the presumably higher stromal pH of the buffer B isolated chloroplasts might be due to a Mg2`-activated K+/H+ exchange (11) . The difference in stromal pH between the two sets of chloroplasts would then be maintained when they were transferred to the Mg2+-free resuspension buffer.
If the envelope membrane is permeable only to glycolic acid and not the glycolate anion, treatments which raise the stromal pH should increase uptake. Illumination of intact chloroplasts is known to increase the pH of the stroma (10, 22) . Table II be proportional to its concentration gradient, or Uptake rate = kmM(CO -Ci). However, in order to obtain the actual rate of increase of the acid form inside the chloroplasst, the uptake rate must be multiplied by the fraction of the undissociated glycolic acid at the stromal pH. Therefore, dCi kmM dt 10(P1Ht..-pKa) + 1 (CO Ci).
Integration of this expression yields:
kmm -ln(Co -Ci) = 10(Pt --pIKa) 1 t-n Co. Table III presents the results of an uptake time course done at a medium pH of 5.30. The stromal pH was determined to be 5.72
by ['4C ]DMO uptake in a 15-s incubation. This pH was used in the calculation of stromal glycolic acid concentration from the total internal glycolate. Figure 1 plots -In (Co -Ci) against time in seconds. The value of kmm, the millimolar kinetic coefficient is calculated to be 6.1 s-1 from the slope of this line. The above data tends to rule out significant permeation ofthe chloroplast envelope by the glycolate anion and hence justifies the calculation of a kinetic constant for glycolic acid uptake. The chloroplasts accumulate glycolate to well above the medium concentration of 1.40 mM, seemingly tending toward the 3.6 mm equilibrium concentration which would be predicted if glycolic acid equilibrated across the envelope at the measured ApH.
Within 15 s and at a medium pH of 5.3, movement of the glycolate anion into the chloroplasts is apparently negligible. This does not, however, rule out measurable permeation by the anion at higher medium pH values and thus higher anion concentrations or over longer time periods. Table IV contains a time course experiment done at a medium pH of 7, over a 10-min period. In addition, one of the two chloroplast suspensions used was exposed to 10 ,UM gramicidin (81 IlM on the final incubation solution) to observe the effects of increased proton permeability of the envelope on glycolate uptake. The lower stromal pH of the gramicidintreated chloroplasts at 1 min is probably due to a transient membrane potential (produced by K+ and Na+ efflux), causing proton uptake. The potential would be eliminated by Cl-efflux after longer incubations. The changing stromal pH values over the (21) , this is equivalent to a total glycolate concentration of 1.4 M in the stroma. Further investigation of the problem, perhaps using a system closer to in vivo conditions, will be required before such a physiologically improbable situation can be accepted as fact.
